Introduction {#Sec1}
============

During our everyday life, we are surrounded by natural and manmade electromagnetic noise in a wide range of frequencies and magnitudes. The manmade electromagnetic noise is relatively new and many efforts have been made to understand its interaction with biological systems^[@CR1]--[@CR3]^. Natural electromagnetic noise, on the other hand, exists since the early days of Earth, thus surrounding us throughout our evolutionary history^[@CR4]^. However, its influence on biological systems was poorly studied, mainly due to the low magnitude of these fields and thus lack of interest. One of the natural ELF signals is the lightning-produced Schumann Resonance (ScR). The ScR exhibit well-defined frequency peaks defined by the Earth circumference, at *f*~1~ = *7* .*8* Hz, *f*~2~ = *1*3 .*9* Hz, *f*~*3*~ = *20 *Hz, with a magnetic field intensity of a few pT^[@CR5]^. The human body also produces weak alternating electromagnetic fields in the ELF range generated by excitable cells. Rat cardiomyocytes generate 1--10 Hz rhythm with a magnetic field magnitude of about 50 pT^[@CR6]^. The purpose of this research was to examine the influence of the natural, frequency specific, ScR signal on rat cardiomyocyte cultures and to examine the coupling between these two natural ELF fields.

The ability of a cardiomyocyte to contract depends on the proper operation of many biological processes. Calcium ion transients are the key mediators between the mechanical contractions and the cardiac action potentials which initiate the contractions. The calcium influx and the calcium release from the Sarcoplasmic Reticulum (SR) in phase 2 of the action potential increases the free calcium concentration in the cytoplasm. This free calcium triggers the physical contraction mechanism. We therefore examined the ScR MF influence on the mechanical contractions and their triggering calcium transients as a basis for a more thorough investigation. In addition, in order to examine whether the impact is of a protective or a destructive nature, we examined the influence of ScR MF on CK release during normal, hypoxic and oxidative stress conditions. The dependency on the MF characteristics: magnitude, frequency and additional DC MF was studied in order to understand the physical mechanism behind the phenomena.

Methods {#Sec2}
=======

All experiments were performed at 37 °C on 3- to 7-day-old cardiomyocyte cultures, exhibiting synchronized spontaneous contractions. All methods were carried out in accordance with relevant ethical guidelines and regulations, and experimental protocols have been approved by Bar Ilan University.

Culture preparation {#Sec3}
-------------------

Sprague-Dawley rat hearts (1 to 2 days old) were removed under sterile conditions and washed three times in Phosphate Buffered Saline (PBS) to remove excess blood cells. The PBS composition was as follows: 135 mM NaCl, 2.7 mM KCl, 10 mM Na~2~HPO~4~, 1.8 mM KH~2~ PO~4~, 0.9 mM CaCl~2~, 0.5 mM MgCl~2~. The hearts were minced and then gently agitated in RDB (fig tree extract, Biological Institute, Ness-Ziona, Israel). RDB was diluted 1∶200 in Ca^2+^- and Mg^2+^-free PBS at 25 °C and incubated with the heart fragments for several cycles of 10 min each^[@CR7]^. Dulbecco's modified Eagle's medium (DMEM) containing 25 mM glucose, supplemented with 10% inactivated horse serum (Biological Industries, Kibbutz Beit Haemek, Israel) and 0.5% chick embryo extract, was added to the supernatant containing the suspension of dissociated cells. The mixture was centrifuged at 300 *g* for 5 min. The supernatant was discarded and the cells were re-suspended. The cell suspension was diluted to 10^6^  cells/mL, and 1.5 mL suspension was placed in 35-mm plastic culture dishes on 25-mm microscope coverslip coated with collagen/gelatin. The cultures were incubated in a humidified atmosphere of 5% CO~2~ and 95% air at 37 °C. A confluent monolayer exhibiting spontaneous contractions developed within 2 days.

Magnetic field application {#Sec4}
--------------------------

An alternating magnetic field was applied by a single wrapping copper coil loop with a diameter of 35 mm wrapped around the culture dish while placed either on the microscope or during incubation. In the majority of the experiments, we used a sinusoidal 7.8 Hz, 2.5 mA current which according to Biot-Savart law induced a relatively uniform magnetic field in the samples area parallel to the sample plane $\documentclass[12pt]{minimal}
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                \begin{document}$${B}_{z}={\mu }_{0}I/2R=90nT$$\end{document}$. Lower magnetic field magnitudes were achieved by using 10 mVpp, 1 kΩ (180 pT) and 10 mVpp, 10 kΩ (18 pT). Sinusoidal waveforms in the frequency range 7--8.6 Hz were used in a few experiments. An additional DC power supply was connected to a copper coil wrapped around the culture dish with an 80 mm diameter to apply according to Biot-Savart law a DC magnetic field of ±10 µT in the cultures' plate direction.

Mechanical contraction measurements {#Sec5}
-----------------------------------

A culture dish containing adherent cells was rinsed twice with PBS, re-suspended in 1 mLglucose-enriched PBS and attached to the stage of an inverted phase interference microscope. The video technique for contraction measurement has been described previously^[@CR8]^. The movement of the cell border was monitored 400 times/sec for sections of 5 seconds. The time variation was then converted to voltage, filtered, and analyzed by the SAMPLE computer program. The rate of contractions was calculated according to the number of peaks in each measurement.

Calcium imaging {#Sec6}
---------------

Intracellular calcium was monitored using the Indo-1-AM dual emission indicator on a Zeiss inverted epifluorescence microscope. Cells were incubated at room temperature for 45 min in 1 mL glucose-enriched (25 mM) PBS with 3 μM Indo-1-AM (Molecular Probes, Eugene, OR, USA) and 2 μM Pluronic acid. After incubations, the cells were rinsed twice with PBS, and the coverslip was placed on the microscope chamber with 1 ml glucose-enriched PBS. The culture was excited at 340 nm and the emitted light then split by a dichroic mirror into two photomultipliers (series no. H5700/HC120, Hamamatsu, Japan), with input filters at 410 and 490 nm for Indo-1. Intracellular calcium concentration was estimated using the 410/490 ratio^[@CR9]^.

Hypoxic conditions {#Sec7}
------------------

Cultures were washed twice from the medium with glucose-free Tyrode (137 mM NaCl, 5.4 mM KCl, 10 mM HEPES, 1.2 mM CaCl~2~, 0.5 mM MgCl~2~) at pH 7.4 and then re-suspended in 1 ml glucose-free Tyrode. The magnetic field was applied for 1.5 hours before exposing the cells to hypoxic conditions at 37 °C. The hypoxic condition consisted of 120 min in a hypoxic chamber where the atmosphere was replaced by the inert gas argon (100%).

Oxidative stress conditions {#Sec8}
---------------------------

Cultures were washed twice with glucose-enriched Tyrode at pH 7.4 and then re-suspended in 1 mL glucose- enriched Tyrode. Cells were treated with 80 μM H~2~O~2~ either during or after the magnetic field application and incubated at 37 °C in a dark environment for 60 minutes. The oxidative stress damage was characterized at the end by the release of CK to the cell medium. Two types of tests were performed: 1. samples were subjected to a magnetic field for 1.5 hours before the addition of H~2~O~2~ for an hour. 2. Samples were subjected to 0.5 hours of magnetic field and treated with H~2~O~2~ for an hour simultaneously with the magnetic field application.

CK measurements {#Sec9}
---------------

At the end of the experiment, 25 μL supernatant of each plate was transferred into a 96-well dish and the CK activities were determined with a CK-MB kit (Sigma), as described by the manufacturer. The product of the enzyme was measured spectrometrically at 30 °C at a wavelength of 340 nm.

Results {#Sec10}
=======

Influence of ScR MF on spontaneous mechanical contractions and calcium transients {#Sec11}
---------------------------------------------------------------------------------

The influence of 7.8 Hz, 90 nT MF on the spontaneous calcium transients of cardiomyocytes is demonstrated in Fig. [1](#Fig1){ref-type="fig"}. Each subplot (Fig. [1a-f](#Fig1){ref-type="fig"}), displays a single 10 seconds measurement of intracellular calcium level at a different time. The spontaneous calcium transients' amplitude, with the MF applied, decreases slowly until it almost totally disappears after 40 minutes (Fig. [1e](#Fig1){ref-type="fig"}). 25 minutes after the MF appliance, the mechanical contractions stopped, even though the calcium transients still exist with a low amplitude (Fig. [1d,e](#Fig1){ref-type="fig"}). The MF was turned off after 50 minutes of stimulation and the calcium transients' amplitude recovered to \~50% of the initial amplitude after 20 minutes, and the contractions returned.Figure 1Intracellular calcium measurements of cardiomyocytes during exposure to ScR MF (7.8 Hz, 90 nT). The contractions stopped after 20 minutes whereas Ca transients vanished only after 40 min. The ScR MF stimulation was turned off after 50 minutes and intracellular calcium transients returned.

Figure [2a](#Fig2){ref-type="fig"} presents the relative change in the averaged calcium transient amplitude of the control (no MF, blue stars) and ScR stimulation (with the 7.8 Hz, 90 nT MF, red triangles) groups Vs. time. The relative amplitude decrease after 40 minutes of measurements was −72% in the stimulated group, compared to only −7% in the control group. Figure [2b](#Fig2){ref-type="fig"} presents the average mechanical contraction rate (spontaneous contractions) Vs. time of the control and the ScR MF groups. The mechanical contraction rate varies between samples, so all measurements were normalized to the contraction rate at the beginning of the measurement. The control group (blue curve) exhibits a relatively constant contraction rate while the ScR MF group (red curve) presents an increase in contraction rate, up to 200% of the initial contraction rate during the first 20 minutes of MF followed by a sharp decrease towards the complete suspension of the mechanical contractions after 35 minutes of MF application. The mechanical contraction tension can be estimated from the intracellular calcium transient amplitude using the Hill equation with a Hill constant of 5.6^[@CR10]^. The turquoise curve in Fig. [2a](#Fig2){ref-type="fig"} presents the decrease in contraction tension estimated from the measured calcium concentration. As opposed to the gradual decrease in the transients' amplitude, it predicts a sharp decrease from 90% of the initial tension down to only 4% in 15 minutes reaching a complete termination of the spontaneous contraction after 40 minutes with the ScR MF, similar to the measured sharp decrease and termination of the contractions after 35 minutes with the 7.8 Hz, 90 nT MF.Figure 2Effect of ScR MF on the amplitude of calcium transients, spontaneous contraction rate and the calcium transient rise time. (**a**) Relative spontaneous calcium transients amplitude of the control (blue stars) and ScR groups (red triangles). The turquoise curve shows the contraction tension estimated from the calcium transient amplitude. (**b**) Spontaneous mechanical contraction rate of cardiomyocytes Vs. time. Blue stars and red triangles represents the Control (no MF) and the 7.8 Hz, 90 nT MF respectively. (**c**) Relative transient rise time normalized with the transient amplitude of the control group (blue up facing triangles) and ScR group (red up facing triangles).

The influence of the ScR MF on the spontaneous calcium transients normalized rise time is presented in Fig. [2c](#Fig2){ref-type="fig"}. The rise time was normalized with the transients' amplitude. The transient rise time of the ScR group (Fig. [2c](#Fig2){ref-type="fig"}, red up facing triangles) exhibits a 450% increase after 40 minutes with the ScR field compared to a very small increase of the control normalized rise time (blue, up facing triangles). Both, the normalized relaxation time and the diastolic calcium concentration did not display a significant difference between the ScR and control groups (data not presented).

ScR MF induced cardioprotection in stress conditions {#Sec12}
----------------------------------------------------

We have also examined the influence of applying the ScR MF (for 1.5 hours) on CK release in 4 different experimental configurations: (1) in normal conditions (2) When the ScR MF application was followed by 2 hours of hypoxia (3) When 80 µM of H~2~O~2~ was added to the cultures for 1 hour following the ScR MF application (4) Samples were subjected to 0.5 hours of 7.8 Hz, 90 nT MF and then 80 μM H~2~O~2~ was included to the buffer for an hour and subjected simultaneously to the MF application. Normalized CK release in all four experiments with no MF is presented in Fig. [3](#Fig3){ref-type="fig"} (CTR group). In the hypoxic and oxidative stress experiments, CK release following the stress was 40--70% higher than in the control groups. However, in all four experimental procedures, the ScR MF application reduced the amount of CK release, suggesting a protective effect. In the normal condition experiment, spontaneous CK release was 20% lower in the ScR group (Fig. [3a](#Fig3){ref-type="fig"}). A similar reduction was seen when the ScR MF was applied before the oxidative stress (Fig. [3c](#Fig3){ref-type="fig"}). A more significant reduction (\~40%) in CK release was seen in the hypoxia experiment (Fig. [3b](#Fig3){ref-type="fig"}) and when the ScR MF was applied simultaneously with the oxidative stress (Fig. [3d](#Fig3){ref-type="fig"}).Figure 3Effect of ScR MF on cardio protection as revealed by CK released from the cells. Relative CK release in (**a**) Normal condition: CTR- 1.5 hours of normal conditions, ScR- 1.5 hours of ScR MF application in normal conditions. (**b**) Hypoxic conditions: ScR + H- 1.5 hours of MF application followed by 2 hours of hypoxia, H- 1.5 of normal conditions followed by 2 hours of hypoxia. CTR- 3.5 hours of normal conditions. (**c**) H~2~O~2~ after MF: ScR + H~2~O~2~--1.5 hours of MF application followed by 1 hour with 80 µM H~2~O~2~, H~2~O~2~--1.5 hours of normal conditions followed by 1 hour with 80 µM H~2~O~2~, CTR- 2.5 hours of normal conditions. (**d**) Simultaneous application of H~2~O~2~ and ScR MF: ScR + H~2~O~2~--0.5 hours of ScR MF application followed by 1 hour with the simultaneous application of 80 µM H~2~O~2~ and ScR MF, H~2~O~2~--0.5 hours of normal conditions followed by 1 hour with 80 µM H~2~O~2~, CTR- 1.5 hours of normal conditions.

Assuming that CK release represents the stress-induced damage, we examined the protective character of the ScR MF. We plotted the relative "damage" following the ScR MF application $\documentclass[12pt]{minimal}
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                \begin{document}$$\,(C{K}_{{H}_{2}{O}_{2}}-C{K}_{CTR})/C{K}_{CTR}$$\end{document}$. Figure [4](#Fig4){ref-type="fig"} presents the results of the third experiment (see Fig. [3c](#Fig3){ref-type="fig"}), when the ScR MF was applied before the oxidative stress (blue circles). Each point represents a single experiment and an average of 3--4 samples. As can be seen from the plot, the results exhibit a linear behavior with a unitary slope which translates to $\documentclass[12pt]{minimal}
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                \begin{document}$$C{K}_{{H}_{2}{O}_{2}}-C{K}_{CTR}=0$$\end{document}$ (no oxidative stress). Except for one experiment, all the normal conditions results fit the same unitary slope linear relation.Figure 4Relative "damage" following the ScR MF application Vs. the damage due to stress alone. Blue circles -- oxidative stress applied following the ScR field. Yellow circles -- normal conditions experiments. dashed line -- linear fit.

The relative "damage" ratio of the fourth experiment (see Fig. [3d](#Fig3){ref-type="fig"}) and the hypoxia experiment (see Fig. [3b](#Fig3){ref-type="fig"}) is presented in Fig. [5](#Fig5){ref-type="fig"}. All the results lie below the normal conditions line $\documentclass[12pt]{minimal}
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                \begin{document}$$(C{K}_{ScR+{H}_{2}{O}_{2}}-C{K}_{{H}_{2}{O}_{2}}=-0.3C{K}_{CTR})$$\end{document}$ obtained in the previous plot. The inset in Fig. [5](#Fig5){ref-type="fig"} presents the deviations from the normal conditions line after removing the hypoxia experiment with the relatively large CK release (the influence of the ScR MF upon acute damage might be different). These deviations also fit a linear relation (from here on referred to as 'protection line'), which passes through the origin, as expected in the no-damage-no-protection situation. The 0.475 slope of the protection line implies that almost 50% of the increase in CK release was prevented by the ScR MF.Figure 5Relative "damage" following the ScR MF application Vs. the damage due to stress alone. Green triangles -- Hypoxia experiment. Red triangles -- oxidative stress applied simultaneously with the ScR MF. Inset -- deviations from the linear normal conditions line.

Dependency in the magnetic field parameters {#Sec13}
-------------------------------------------

A few theories trying to explain the influence of weak alternating magnetic fields on biological entities were suggested^[@CR11]^. Each presents a different dependency on the magnetic field characteristics: the stimulation intensity, frequency and the external magnetic DC field. In order to examine the relevance of these theories to the above phenomenon, we tested the dependence of the effect on the magnetic field parameters. Figure [6a,b](#Fig6){ref-type="fig"} presents the dependency of the mechanical contraction rate and CK release in normal conditions on the MF magnitude. Both, the reduction in mechanical contractions rate and the normal conditions CK release were similar in this magnitude range (18 pT-90 nT). Figure [6c](#Fig6){ref-type="fig"} presents the relative change in the calcium transients' amplitude after 35 minutes with a 90 nT field at different frequencies. Only frequencies in the range 7.6--8 Hz caused a decrease of the calcium transients' amplitude. There was no influence on the transients' amplitude when 7--7.4 Hz and 8.4--8.6 Hz magnetic fields were applied. A large increase (\~35%) was measured during the 8.2 Hz field appliance after 35 minutes with the magnetic field. The dependency of the effect on the external magnetic DC field was examined by the addition of ±10 µT DC field to the 7.8 Hz, 90 nT AC field. As can be seen in Fig. [6d](#Fig6){ref-type="fig"}, a similar decrease in the mechanical contraction rate was seen when the 10 µT DC field was applied simultaneously with the ScR MF.Figure 6Dependency on the MF parameters. (**a**) Spontaneous contraction rate Vs. time with the magnetic field at various field magnitudes. (**b**) Comparison between the influence of 90 nT and 18 pT, 7.8 Hz magnetic field on CK release. (**c**) Relative change in calcium transients' amplitude after 35 minutes with 90 nT magnetic field at various frequencies. (**d**) Dependency on external DC field. The influence of 7.8 Hz, 90 nT on spontaneous contraction rate with (green curve) and without (red curve) an additional ±10 μT DC field.

Discussion {#Sec14}
==========

The link between different processes {#Sec15}
------------------------------------

The above findings involve three separate processes engaged in the cardiomyocyte regular function; the mechanical contraction, the calcium transients and the CK release rate. Whether a few different mechanisms or a common influence path is responsible for these effects remains an open question. The abrupt termination of the spontaneous mechanical contractions was accompanied by a gradual decrease in the calcium transients' amplitude and a longer rise time. These two observations signify a reduction in the amount and pace of calcium entrance to the cytosol. Combined with the excellent resemblance between the time dependence of the mechanical contraction rate and the estimated contraction strength, it suggests that a reduction in the intracellular calcium is most likely the cause of the contraction suspension when the calcium transients' amplitude decrease below a certain threshold. Another justification for the connection between these two effects is the increase in contraction rate during the first 20 minutes of field application. The increased contraction rate can be a manifestation of a reduced SR load. Increased rate due to shorter relaxation time lessens the calcium efflux and therefore counterbalances the reduction in the calcium reservoir^[@CR12]--[@CR14]^ and enables the cell to overcome the reduction in the calcium SR reservoir.

Both the mechanical contraction and the intracellular calcium balance strongly depends on the amount of CK in the cytoplasm, being a key player in the energy maintenance mechanism^[@CR15]^. During normal conditions, CK release rate is extremely low \~5% of the content of the cell in 1.5 hours. Hence, the observed variations in CK release are unlikely to significantly influence the energy balance and impede the mechanical contractions. Another potential link is through calcium influenced exocytosis. Intracellular calcium concentration variations can influence exocytosis rate and quanta^[@CR16]--[@CR18]^. Hence if the ScR magnetic field influences the calcium homeostasis it can indirectly affect exocytosis and the amount of CK released to the buffer. An increased reduction in CK release rate was observed during Hypoxic and oxidative stress conditions. It suggests another possible relation due to the coupling between calcium and ROS signaling pathways^[@CR19]--[@CR21]^. Oxidative stress elevates the intracellular calcium concentration and increased calcium concentration activates ROS generating enzymes. Increased ROS levels were shown to cause prolonged SR leaks and Ca^2+^ depletion^[@CR22]^.

Influence on calcium homeostasis {#Sec16}
--------------------------------

The fact that the 7.8 Hz, 90 nT MF field did not influence the diastolic Ca^2+^ concentration and had only a minor effect on the decrease time indicates that the sizable decrease in the calcium amplitude cannot be attributed solely to a direct influence on the Sodium-Calcium Exchanger (NCX) and Sarco/Endoplasmic Reticulum Ca^2+^ ATPase (SERCA) mechanisms. The large decrease in the calcium transient amplitude and the prolonged rise time suggests an influence of the ScR MF on one of the two main mechanisms responsible for calcium entrance to the cytosol; the calcium influx (through L-type voltage-dependent calcium channels) and calcium release from the SR, triggered by the Ca^2+^ influx current. Malfunction of one of these two mechanisms should translate to a slower entrance of calcium and therefore a prolonged increase time and a lower transient amplitude. A similar reduction in the calcium transient amplitude caused by ScR MF was seen in rat skeletal muscle cultures (to be published). It suggests that calcium release from the SR is the target as "Ca induced Ca release" is not relevant in skeletal muscle.

Influence on CK release {#Sec17}
-----------------------

The termination of the mechanical contractions and the reduction of the calcium concentration during the cardiomyocyte spontaneous contraction following the appliance of the ScR field might suggest a deterioration in the cells' proper activity. We therefore examined the influence of the ScR field on CK release to the buffer. CK release rate is slow and was immeasurable after 45 minutes (smaller than the standard deviation), in which the decrease in calcium transient amplitude occurred. The average amount of CK release is \~10% of the content of the cells in 90 minutes. Such a small change seems unlikely to significantly indicate a substantial influence on the energy balance or cell viability and impede the mechanical contractions. Additionally, in order to verify that lower CK release due to the field exposure did not result from reduced cell viability we studied the influence on cell viability using Propidium Iodide (PI) staining procedure (data not presented). PI values were consistent with CK release (i.e. lower PI values for the samples with reduced CK release) and therefore imply more viable cells due to the field application.

We showed that the reduction in CK release when the ScR MF was applied before the oxidative stress was similar to the reduction in Normal conditions, and both agree with a fit to a linear line with a unitary slope: $\documentclass[12pt]{minimal}
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                \begin{document}$$C{K}_{ScR+{H}_{2}{O}_{2}}-C{K}_{{H}_{2}{O}_{2}}=-\,0.3C{K}_{CTR}$$\end{document}$. It insinuates that the reduction did not depend on the amount of damage done by the oxidative stress and that the MF effect most likely persisted throughout the oxidative stress application.

In the hypoxia experiment (Fig. [3b](#Fig3){ref-type="fig"}) and when the oxidative stress was applied simultaneously with the ScR MF (Fig. [3d](#Fig3){ref-type="fig"}) the reduction in CK release was more pronounced than when the ScR MF was applied before the oxidative stress (Fig. [3c](#Fig3){ref-type="fig"}). We showed that the field influence on CK release in Fig. [3c,d](#Fig3){ref-type="fig"}, $\documentclass[12pt]{minimal}
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                \begin{document}$${\Delta }_{Protection}=-0.475(C{K}_{{H}_{2}{O}_{2}}-C{K}_{CTR})$$\end{document}$, depending only on the amount of damage caused by the hypoxia and oxidative stress. This division to two independent factors insinuates two distinct independent contributions involving two separate processes. The first may possibly be related to the interaction of the ScR MF with normal condition processes such as exocytosis, while the second, probably involves one of the cells' protection mechanisms.
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                \begin{document}$${\Delta }_{Protection}$$\end{document}$, appeared only when the ScR MF was applied simultaneously with the oxidative stress. We attributed this discrepancy to the gradual vs. abrupt increase in ROS levels in the hypoxic and oxidative stress experiments.

Dependency on magnetic field parameters {#Sec18}
---------------------------------------

Due to the complexity and the multiple factors and mechanisms involved, uncovering the physical mechanism behind the ScR MF effect is a complicated task, beyond the scope of this work. However, the dependency of the effect on the applied MF parameters can point towards a magnetoreception mechanism.

Both the mechanical contractions and the CK release rate were independent of the MF magnitude. This property rules out a few of the proposed physical explanation such as stochastic resonance, the Eddy currents explanation, the ion cyclotron parametric resonance explanation in which the effects' magnitude depends on the ratio between the oscillating and static MF amplitudes, and the radical pair recombination theory. Another option is that a certain threshold exists above which the effect is plausible. The threshold could be of a physical or biological origin.

The extremely weak amplitudes of the applied MF (18 pT-90 nT) set another constraint and eliminate some of the proposed explanations. The influence on radical pair recombination for example can produce a significant affect only at higher field magnitudes^[@CR23]^ (1--10 mT, see Grissom, 1995). Stochastic resonance can amplify a signal by only a factor of 100 and is therefore less probable to be relevant to the ScR effect^[@CR24]^.

Another possible explanation involves the electric fields induced by the oscillating MF. The average electric field induced in the culture by the ScR MF applied in our experiment (90 nT, 7.8 Hz MF) is $\documentclass[12pt]{minimal}
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                \begin{document}$$5\times {10}^{-7}V{m}^{-1}$$\end{document}$^[@CR25],[@CR26]^, only one order of magnitude higher. Such a small magnitude difference can be leveled by simple geometric reasoning for example. Therefore, biologic interaction with the induced electric field is one of the possible explanation for the ScR magnetic field effect.

The frequency specific character of the ScR effect rejects the radical pair recombination explanation which lacks frequency selectivity mechanism. The Eddy current explanation presents a linear dependency on the fields' frequency and thus irrelevant to the ScR effect. One of the popular theories explaining the influence of weak ELF MF s in biological tissues is the ion cyclotron effect. Others^[@CR27],[@CR28]^ have examined the influence of 16 Hz 40 nT field on the spontaneous calcium transients of cardiomyocytes. They demonstrated a 75% reduction in the calcium transients' amplitude after 30 minutes of exposer. The frequency in which the field influenced the calcium transients, varied when the DC field magnitude was varied and fitted the ion cyclotron resonance frequency of potassium ion^[@CR29]^. The Earth's geomagnetic field in Tel Aviv is around 40 μT. If the ion cyclotron frequency for a DC field of 40 μT is 7.8 Hz, shifting the DC field to 50 μT or 30 μT will shift the ion cyclotron frequency to 9.75 Hz and 5.85 Hz respectively. If the ScR field influence is due to the ion cyclotron resonance, the frequency in which the field influences the cardiomyocytes should vary respectively and the 7.8 Hz field will not influence the contraction rate. As described in the results section, this is not the case, and the 7.8 Hz magnetic field influence the spontaneous contraction rate even when an additional magnetic DC is applied, and we can therefore rule out the ion cyclotron effect.

The fact that the ion cyclotron frequency is the only characteristic resonance frequency suitable for the ScR frequency range, but irrelevant to the ScR effect, makes biological tuning such as the turtle cochlear hair cells tuning, a more probable explanation. The resonance frequency of a specific hair cell is determined by the specific number and kinetics of calcium-activated (BK) potassium channels^[@CR30],[@CR31]^. This mechanism supports the electric induction hypothesis as a possible precursor. According to Bellono *et al* .^[@CR32]^, the frequency sensitive electrodetection of the Elasmobranch fishes derives from a low voltage activation threshold of the voltage-gated calcium channel CaV1.3 and a decreased slope conductance of the big conductance calcium-activated potassium channel (BK). These unique characteristics give rise to membrane potential oscillations (\~7 Hz) that can serve as a tuning device similar to the electrical resonance mechanism of hair cells. In cardiomyocyte, BK channels appear absent from the sarcolemma, but the channels are present in mitochondrial membranes^[@CR33]^ and were shown to be involved in cardioprotection against ischemia via ROS dependent mechanism^[@CR34]^. This potential explanation, involving an influence of an induced electric field on the rat mitochondria BK channels, is relevant to all of the ScR observed effects: the hypoxia, oxidative stress and calcium transients. There is some evidence showing the involvement of mitochondria BK channels in cardioprotection against ischemia via fine-tuning of the oxidative state^[@CR35]--[@CR37]^. Additionally, ROS production in the mitochondria was shown to regulate Ca^2+^ in rat cardiomyocytes in a bidirectional, time-dependent manner^[@CR38]^. They showed that induced mitochondrial ROS production caused a transient increase in Ca^2+^ spark activity, followed by gradual spark suppression partially caused by a reduction in the SR calcium load over a time scale of 15 minutes. Hence, an influence of the ScR MF with electric induction as a coupling mechanism on the mitochondria BK channel, resulting in ROS production can result in increased contraction rate, and a gradual decrease in the calcium transient amplitude.

Summary and Conclusions {#Sec19}
=======================

We have studied the influence of extremely low amplitude/frequency magnetic fields at the ScR first mode frequency on fundamental cellular processes such as calcium handling and stress-induced reactions in rat cardiomyocytes cultures. We showed that extremely weak 7.8 Hz magnetic fields reduce the calcium transients amplitude and had a protective effect during oxidative stress and hypoxic conditions. The effect was independent of the magnetic field magnitude and the external magnetic DC, and was pronounced only in a narrow frequency range around the first mode of the ScR field (7.8 Hz). Demonstrating a relation between the natural ScR signal and cardiomyocytes activity requires a complete understanding of the biological influence path and the theoretical physical description, and should involve a more thorough investigation of isolated components such as membrane and SR ionic currents, and their interaction with a wider range of magnetic field parameters.

This work studied the influence of a pure sine wave with a well-defined frequency. The real Schumann Resonance signal is a superposition of many individual time-delayed signals and is therefore very different from the pure coherent experimental sine. Hence this deduction is not straightforward, and a proper investigation of the influence of the second and third ScR peaks and a more realistic signal should be performed in order to confirm the possible impact of the real ScR signal.

Another substantial difference between the real ScR signal and the magnetic field in our experiment is the magnetic field magnitude. Most experiments described above were done with magnetic field 50,000 times stronger than the actual ScR field. Nevertheless, we presented evidence that the influence of the 7.8 Hz magnetic field on contraction rate and CK release is independent of the field magnitude, and that a 7.8 Hz, 18 pT magnetic field, only one order of magnitude higher than the real SR signal, have a similar effect on the cardiomyocyte cultures. These two lines of evidence suggest that a 2 pT signal could have a similar impact on cardiomyocytes. Unfortunately, technical difficulties in isolating the experimental apparatus from the natural ScR signal prevented us from properly examining the influence of a 2 pT field in a magnetically shielded environment. These two experiments should be a part of future work as a first step to validating the influence of the real ScR signal.
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